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The addition of Ag to Cu–Zr alloys is very effective for the increase in the stability of
supercooled liquid as well as the glass-forming ability (GFA). The large supercooled
liquid region (Tx) exceeding 60 K in Cu–Zr–Ag ternary system was obtained in a
wide range of 25–55 at.% Cu, 40–65 at.% Zr, and 5–25 at.% Ag. The best GFA was
obtained around Cu45Zr45Ag10, and glassy alloy rods with diameters up to 6.0 mm
were formed by copper mold casting. The bulk glassy alloys exhibit good mechanical
properties, i.e., compressive fracture strength of 1780–1940 MPa, Young’s modulus of
106–112 GPa, compressive plastic elongation of 0.2–2.9%, and Vickers hardness of
534–599. The finding of the new Cu–Zr–Ag ternary glassy alloy system with high
GFA and good mechanical properties is important for development and scientific
studies of bulk glassy alloys.
I. INTRODUCTION
Since the findings of the stabilization of supercooled
liquid in multi-component alloys consisting only of me-
tallic elements in 1988, followed by the syntheses of bulk
glassy alloys by use of the stabilization of supercooled
liquid, much effort has been devoted to developing a new
bulk glassy alloy exhibiting high glass-forming ability
(GFA) and useful engineering properties. The develop-
ment of bulk glassy alloys was focused on Mg-,1 lan-
thanide-,2 and early transition metal (ETM)-based alloy
systems3,4 in the early stage period between 1988 and
1993, and then much attention was paid to the late tran-
sition metal (LTM)-based bulk glassy alloys such as
Fe-,5–8 Co-,9,10 Ni-,11–16 and Cu-17–20 based alloys be-
cause of their more importance in engineering aspects.
The advantage points for the LTM bulk glassy alloys
include higher strength and lower materials cost. How-
ever, the GFAs of the LTM glassy alloys are lower than
those of the ETM-based alloys. It is noticed that high
fracture strength with good toughness can be obtained for
the transition metal (TM)-based bulk glassy alloys con-
sisting only of metallic elements, such as Zr-,21,22 Ti-,23
Ni-,13,15,16 Cu–Ti-,17and Cu-18–20 based systems, and
the Zr- and Cu-based alloys are most useful for engineer-
ing materials among the above-described alloys because
they have high GFA and good mechanical properties.17–22
It is also noticed that since the Cu-based bulk glassy
alloy in Cu–Zr–Ti and Cu–Zr–Al ternary systems were
reported,18,19 special attention has been paid to the Cu-
based glassy alloys. On the basis of the ternary glassy
alloy systems, more multi-component Cu–Zr-based
glassy alloys have been synthesized in the following sys-
tems: Cu–Zr–Ti–Be,24 Cu–Zr–Hf–Ti,25 Cu–Zr–Ti–Y,26
Cu–Zr–Ti– (Fe,Co,Ni),27,28 Cu–Zr–Ti–Pd,29 Cu–Zr–Ti–
(Nb,Ta),30,31 Cu–Zr–Al–Ti,32 Cu–Zr–Al–Nb,33 Cu–Zr–
Al–Hf,34 and Cu–Zr–Al–Y.35 The maximum sample
diameter of the Cu–Zr-based glassy alloys reaches
10 mm for Cu–Zr–Al–Y system.35 It is important for sci-
entific and engineering aspects to develop a new Cu–Zr-
based ternary glassy alloy system with high GFA and
good mechanical properties. We have already pointed out
that the above-described Cu-based bulk glassy alloys sat-
isfy the empirical three component rules36,37 for forma-
tion of bulk glassy alloys and stabilization of supercooled
liquid. As similar for the previous progresses, the finding
of the new ternary bulk glassy alloy is expected to cause
various more multi-component bulk glassy alloys with
improved properties by adding elements that satisfy the
three component rules for stabilization of supercooled
liquid. This paper is intended to present the additional
effect of Ag, which does not perfectly satisfy the three
component rules36,37 for Cu and Zr elements, on the for-
mation, thermal stability and mechanical properties of
Cu–Zr–Ag bulk glassy alloys. The reason for the high
GFA in this ternary system is also discussed.
II. EXPERIMENTAL PROCEDURE
Ternary alloy ingots with the composition of
Cu100−x−yZrxAgy were prepared by arc melting the
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mixtures of pure Cu, Zr, and Ag metals with purity of
99.99, 99.5, and 99.9 mass%, respectively, in an argon
atmosphere. The alloy ingots were re-melted four times
to ensure chemical homogeneity. The mass losses were
measured for each ingot after melting and were less than
0.1 mass%. The glassy alloy was produced by copper
mold casting for bulk cylindrical rods with diameters of
2–7 mm and by melt spinning for ribbons with a cross
section of 0.02 × 1.2 mm. The glassy phase was identi-
fied by x-ray diffraction and thermal stability was exam-
ined by differential scanning calorimetry (DSC) at a
heating rate of 0.67 K/s. The melting and liquidus tem-
peratures were measured with a differential thermal ana-
lyzer (DTA) at a heating rate of 0.17 K/s. Vickers hard-
ness was measured using a microhardness tester under a
load of 50 gf. Mechanical properties were measured with
an Instron testing machine. The gauge dimension of
specimens was 2.0 mm in diameter and 4.0 mm in height
for compressive test and the strain rate was 5 × 10−4 s−1.
The fracture surface was examined by scanning electron
microscopy (SEM).
III. RESULTS
A. Thermal stability of Cu–Zr–Ag glassy alloys
It has been reported that the Cu–Zr binary glassy al-
loys exhibit a large supercooled liquid range of over
40 K in the composition range of 35–70 at.% Zr, and the
glassy alloy rods with diameters of 1–2 mm are formed
in the composition range of 36–55 at.% Zr,18,38–41 indi-
cating that the Cu–Zr glassy alloys have high stabiliza-
tion of supercooled liquid and high GFA. We first ex-
amined the effect of Ag addition on the thermal stability
of supercooled l iquid in the al loy series of
Cu40Zr60−xAgx. The formation of the glassy phase was
confirmed in the alloy series containing Ag contents up
to 30 at.% by melt spinning.
Figure 1 shows DSC curves of the melt-spun
Cu40Zr60−xAgx (x  0 to 30) glassy alloys. All the alloys
exhibit a distinct glass transition, followed by a super-
cooled liquid region and then exothermic reactions due to
crystallization. Based on the DSC curves, the glass tran-
sition temperature (Tg), crystallization temperature (Tx),
and supercooled liquid region defined by the difference
between Tg and Tx, Tx(= Tx − Tg) are plotted as a
function of Ag content in Fig. 2. The Tg increases mo-
notonously from 638 to 712 K with increasing Ag con-
tent to 30%, while the Tx increases from 688 to 758 K
with increase of Ag content to 15%, and then decreases
with a further increase in Ag content to 30%. As a result,
the Tx increases from 51 to 87 K with increasing Ag
content to 15%, and then decreases to 39 K with further
increasing Ag content to 30%. Here, it is noticed that the
large Tx values exceeding 65 K are obtained in the Ag
concentration range of 5–20 at.%. It is therefore con-
cluded that the addition of 5–20 at.% Ag to Cu–Zr binary
glassy alloys is very effective for an increase in Tx, i.e.,
stabilization of supercooled liquid against crystallization.
We further examined an appropriate Zr content range
leading to the higher stability of supercooled liquid in the
alloy series of Cu90−xZrxAg10. As shown for the DSC
curves of the Cu90−xZrxAg10 alloys in Fig. 3, the glass
transition phenomenon associated with a supercooled liq-
uid region can be observed in a wide Zr content range of
35–70 at.%, and the Tg and Tx increase monotonously
from 803 to 760 K and 803 to 760 K, respectively, with
increasing Zr content from 35 to 70 at.%. The resulting
Tx value shows a large value of over 60 K in a wide Zr
content range of 40–60 at.%. Figure 4 shows the com-
position dependence of Tx for the Cu–Zr–Ag glassy
alloys. The glassy phase is obtained in the very wide
composition range of 30–70% Zr and 0–40% Ag. It is
noted that the composition range of the glassy phase for
the Cu–Zr–Ag system is wider than those for the Zr–Ni–
Al and Zr–Cu–Al ternary systems.3,42 In addition, the
large Tx values of over 60 K are obtained in the wide
composition range of 40–65% Zr and 5–25% Ag, and the
largest Tx reaches 90 K for Cu35Zr45Ag20, indicating
that the ternary glassy alloys have high stability of super-
cooled liquid.
With the aim of evaluating the GFA of the Cu–Zr–Ag
alloys, we determined the reduced glass transition tem-
perature (Tg/Tl) by measuring the liquidus temperature
FIG. 1. DSC curves of melt-spun Cu40Zr60−xAgx (x  0 to 30 at.%)
glassy alloys.
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(defined by the offset temperature of an entire melting
process) Tl. Figure 5 shows DTA curves of the
Cu60−xZr40Agx alloys obtained at a heating rate of
0.17 K/s; Tl is marked with arrows. It can be seen that Ag
content significantly affects Tl and the melting behavior
of these alloys. The binary Cu60Zr40 alloy has a rather
FIG. 2. Changes in the glass transition temperature (Tg), crystalliza-
tion temperature (Tx), and supercooled liquid region (Tx  Tx − Tg)
as a function of Ag content for melt-spun Cu40Zr60−xAgx glassy alloys.
FIG. 3. DSC curves of melt-spun Cu90−xZrxAg10 (x  35 to 70 at.%)
glassy alloys.
FIG. 4. Composition dependence of Tx for Cu–Zr–Ag glassy alloys.
FIG. 5. DTA curves of the Cu60−xZr40Agx (x  0 to 25 at.%) alloys.
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high Tl of 1208 K, though it is quite close to a binary
eutectic composition. The Tl values of the ternary alloys
significantly decrease with increasing Ag content from
5% to 10%. The alloy with 10 at.% Ag shows an ever
lower Tl of 1154 K and two distinct exothermic events,
indicating that this alloy is the close to a nearby ternary
eutectic among the present alloy series. When Ag content
is further increased, the Tl gradually increases and
reaches 1219 K at 25 at.% Ag. Multiple events are ob-
served during the melting process, indicating that these
alloys are far from the ternary eutectic composition.
Figure 6 shows the changes in the Tl and Tg/Tl with Ag
content for the Cu60−xZr40Agx glassy alloys. The lowest
Tl at 10 at.% Ag causes the highest Tg/Tl of 0.60 at the
same Ag content, and the further increase in Ag content
results in a significant decrease in Tg/Tl.
We further measured the Tl of Cu90−xZrxAg10 alloy
series for determining an optimum Zr content leading to
the highest Tg/Tl. As shown for the DTA curves in Fig. 7,
the alloy with 35 at.% Zr has a rather high Tl of 1206 K.
The Tl values of the ternary alloys significantly decrease
with increasing Zr content from 40% to 45%, and the
alloy with 45 at.% Zr exhibits an ever lower Tl of
1139 K and one major exothermic event, revealing that
this alloy is the closest to a nearby ternary eutectic. When
Zr content is further increased, the Tl gradually increases,
reaching 1211 K at 55 at.% Zr. Based on the composition
dependence of Tg and Tl, the highest Tg/Tl is evaluated to
be 0.60 for Cu45Zr45Ag10 and decreases with deviating
from the alloy composition. Here, it is noticed that high
Tg/Tl value above 0.60 and large Tx values of over 60 K
are also obtained in the composition range of 5–10 at.%
Ag and 40–50 at.% Zr. It can be thus concluded that these
alloys in the Cu–Zr–Ag ternary system have higher GFA
as well as the higher stability of supercooled liquid
against crystallization.22,36,37
B. Formation of Cu–Zr–Ag bulk glassy alloys
We examined the GFA of Cu45Zr45Ag10 alloy by cop-
per mold casting. Figure 8 shows x-ray diffraction pat-
terns of the Cu45Zr45Ag10 alloy rods with diameters
ranging from 4 to 7 mm, together with the result of the
melt-spun glassy alloy ribbon. The x-ray diffraction pat-
terns of the rods with diameters of 4.0–6.0 mm consist
only of a broad peak, and no diffraction peak correspond-
ing to a crystalline phase is seen, indicating that a glassy
single phase was formed. The further increase in the rod
diameter to 7.0 mm results in the precipitation of crys-
talline phases. It is therefore concluded that the critical
rod diameter for formation of the glassy phase lies be-
tween 6.0 and 7.0 mm. The GFA of the other alloys with
compositions near Cu45Zr45Ag10 was also examined.
Figure 9 shows x-ray diffraction patterns of the cast bulk
glassy Cu45Zr47.5Ag7.5, Cu42.5Zr45Ag10, Cu45Zr50Ag5,
and Cu50Zr45Ag5 alloy rods with diameters of 3.0–
6.0 mm. It can be seen that all the diffraction patterns
FIG. 6. Changes in the liquidus temperature (Tl) and reduced glass
transition temperature (Tg/Tl) as a function of Ag content for the
Cu60−xZr40Agx glassy alloys.
FIG. 7. DTA curves of the Cu90−xZrxAg10 (x  35 to 55 at.%) alloys.
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show only broad peaks, indicating the formation of a
glassy phase. We also measured the Tg, Tx, and heat of
crystallization Hc of these cast alloy rods on the basis of
DSC curves. It was confirmed that the Tg, Tx, and Hc
are nearly the same between the bulk and ribbon samples,
being consistent with the result obtained by x-ray dif-
fraction.
C. Mechanical properties of Cu–Zr–Ag bulk
glassy alloys
Figure 10 shows compressive stress–strain curves of
the glassy alloy rods. The glassy alloys exhibit high frac-
ture strengths of above 1178 MPa and distinct plastic
strains of over 0.3%. The Cu45Zr47.5Ag7.5 alloy has the
largest plastic strain of 2.9%. Table I summarizes the
thermal stability, mechanical properties and critical
sample diameters (dc) of bulk glassy Cu–Zr–Ag alloys.
The Cu–Zr–Ag bulk glassy alloys possess good mechani-
cal properties, i.e., compressive fracture strength (c,f) of
1780–1940 MPa, Young’s modulus (E) of 106–112 GPa,
compressive plastic elongation (c,p) of 0.2–2.9%, and
Vickers hardness (Hv) of 534–599. The fracture behavior
and fracture surface appearance are exemplified for the
Cu45Zr47.5Ag7.5 glassy alloy rod in Fig. 11. The fracture
occurs along the maximum shear plane, which is de-
clined by about 45° to the direction of applied load
[Fig. 11(a)], and the fracture surface consists mainly of a
well-developed vein pattern [Fig. 11(b)] typical to other
bulk glassy alloys with good ductility.18,36 Many shear
bands, marked with arrows, are also observed on the rod
surface [Fig. 11(a)]. The large plastic strain can thus be
attributed to the generation of many shear bands. Con-
sequently, the present Cu–Zr–Ag bulk glassy alloys with
FIG. 8. X-ray diffraction patterns of cast Cu45Zr45Ag10 alloy rods
with diameters of 4.0–7.0 mm. The data of the melt-spun ribbon are
shown for comparison.
FIG. 9. X-ray diffraction patterns of cast Cu–Zr–Ag alloy rods with
diameters of 3.0–6.0 mm.
FIG. 10. Compressive stress-strain curves of cast Cu–Zr–Ag glassy
rods with a diameter of 2.0 mm: (a) Cu50Zr45Ag5, (b) Cu45Zr47.5Ag7.5,
and (c) Cu45Zr45Ag10.
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high stability of supercooled liquid and high GFA are
expected to be developed as a new type of bulk structural
material with high strength combined with good ductility.
IV. DISCUSSION
We discuss the reason for the significant effect of Ag
addition on the improvement of glass-forming ability and
thermal stability of the Cu–Zr–Ag glassy alloys. It is well
known that the critical diameter of Cu–Zr binary glassy
alloy is about 2 mm by the copper mold casting method.
The addition of a small amount of Ag has enabled us to
form bulk glassy alloy rods with diameters up to 6.0 mm.
It has been reported that high GFA leading to the
formation of bulk glassy alloy is obtained in the multi-
component alloy systems satisfying the following three
empirical component rules,36,37 i.e., (i) multi-component
consisting of more than three elements, (ii) significant
atomic size mismatches above 12% among the main
three elements, and (iii) negative heats of mixing among
the main elements. In the Cu–Zr–Ag alloy system, the
atomic radii of the component atoms are 0.128 nm for
Cu, 0.158 nm for Zr, and 0.145 nm and Ag.43 Therefore,
the atomic size ratios are 1.25 for Zr/Cu, 1.10 for Zr/Ag,
and 1.14 for Ag/Cu. In addition, the heat of mixing is
−23 kJ/mol for the Cu–Zr pair, −20 kJ/mol for the Zr–Ag
pair, and 2 kJ/mol for the Cu–Ag pair.44 It is noticed that
the Cu–Ag pair has a slightly positive heat of mixing,
implying that the present alloy system does not perfectly
satisfy the three component rules. However, the present
combinations of atomic sizes can produce an efficiently
dense random packing structure, which is often associ-
ated with low interfacial energy and high viscosity of
liquids. In this glassy structure, the atomic diffusivity is
also reduced, leading to the suppression of nucleation
and growth reactions of a crystalline phase from liquid.
In addition, the formation of the unique glassy structure
is also attributed to the increase of a strongly attractive
bonding Zr–Ag pair, which can improve the local pack-
ing efficiency and restrain long range diffusion of atoms.
Although the number of Cu–Ag pair with a slightly posi-
tive heat of mixing is also increased, the increase seems
to be caused by the lowering of liquidus temperature
because the Cu–Ag binary equilibrium phase diagram
FIG. 11. Fracture surface appearance of the cast glassy
Cu45Zr47.5Ag7.5 alloy rod with a diameter of 2.0 mm. The shear bands
are marked with arrows.
TABLE I. Thermal stability, critical sample diameters and mechanical















Cu50Zr45Ag5 689 67 0.60 1940 112 0.4 599 4.0
Cu45Zr47.5Ag7.5 685 70 0.60 1820 108 2.9 556 6.0
Cu45Zr45Ag10 684 73 0.60 1810 108 0.3 542 6.0
Cu42.5Zr47.5Ag10 679 69 0.60 1780 106 0.3 534 5.0
Cu45Zr50Ag5 687 68 0.59 1885 111 0.2 585 3.0
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belongs to a simple eutectic type,45 resulting in an in-
crease in GFA.
As shown in Table I, it is noticed that thec,f , E, and
Hv of the Cu–Zr–Ag bulk glassy alloys show distinct
dependence, i.e., a gradual increase in these strength val-
ues with increasing Tg. This seems to originate from the
change in the bonding nature among the constituent el-
ements of the glassy alloys because the Tg of the glassy
alloys reflects the bonding force among the constituent
elements.46
V. CONCLUSIONS
We examined the effect of Ag addition on GFA, ther-
mal stability and mechanical properties of Cu–Zr glassy
alloys, with the aim of searching for a new ternary bulk
glassy system. The results obtained are summarized as
follows.
The glassy phase in Cu–Zr–Ag ternary system was
formed in an extremely wide composition range of 10–
65 at.% Cu, 30–70 at.% Zr, and 0–40 at.% Ag by melt
spinning. The large Tx exceeding 60 K was obtained in
the wide range of 25–55% Cu, 40–65 at.% Zr, and 5–
25 at.% Ag, and the largest Tx reached 90 K for
Cu35Zr45Ag20 alloy.
The addition of Ag to Cu–Zr alloys lowers the liquidus
temperature and brings the ternary alloy closer to the
eutectic at 10 at.% Ag, resulting in a higher reduced glass
transition temperature Tg/Tl at about 10 at.% Ag.
The bulk glassy alloys were formed in the ternary alloy
system by copper mold casting, and the largest diameter
was 6 mm for Cu45Zr45Ag10 and Cu45Zr47.5Ag7.5 alloys.
The glassy alloy rods exhibited good mechanical prop-
erties, i.e., compressive fracture strength of 1780–
1940 MPa, Young’s modulus (E) of 106–112 GPa, com-
pressive plastic elongation of 0.2–2.9% and Vickers
hardness (Hv) of 534–599.
The addition of Ag to Cu–Zr alloys is very effective
for the increase in GFA as well as the stabilization of
supercooled liquid. The effectiveness can be interpreted
in the framework of appropriate atomic size mismatches
among constitute elements and large negative heat of
mixing between Zr and Cu or Ag even though that the
Cu–Ag pair has a slightly positive heat of mixing. The
finding of the Cu–Zr–Ag ternary bulk glassy alloy sys-
tem, which demonstrates the more importance of atomic
size mismatches is important for development of new
glassy alloy systems and fundamental studies of bulk
glassy alloys.
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